Abstract Potato late blight, caused by Phytophthora infestans, is one of the main diseases in potato production, causing major losses in yield. Applying environmentally harmful fungicides is the prevailing and classical method for controlling late blight, thus contaminating food and water. There is therefore a need for innovative research approaches to produce food sustainably. Here, we used a systems approach to identify sustainable management strategies for disease control in potato production in the Netherlands. We focussed not only on ecological processes, the classical approach, but also on decision-making concerning disease management. For that, we performed a literature study, stakeholder interviews and modelling using fuzzy cognitive mapping. Interviews were carried out with farmers, representatives of breeding companies and experts. The fuzzy cognitive map allows to identify major concepts and their influence on late blight management. Three management scenarios were analysed using the fuzzy cognitive map. Results show that published research on the control of potato late blight focusses on agronomic practices, plant breeding for resistance to late blight and chemical-based disease suppression. Farmers are strongly influenced by corporate (such as traders, breeders and retail) and public institutes and policies, each pushing their own objectives and interests. The fuzzy cognitive map showed that social and ecological processes are tightly related. The scenario analysis showed that increasing stakeholder cooperation and a change in market demands towards resistant cultivars could improve sustainability of late blight management. In contrast, policies restricting the use of fungicides would result in increased disease severity if no alternative strategies were implemented. Adoption of such strategies would require social-institutional support and facilitation. We conclude that our systems approach improves the understanding of the system dynamics which is necessary for developing and deploying effective strategies for controlling P. infestans.
Introduction
The Netherlands is a large producer of seed, ware and starch potatoes, and therefore, potato is an economically important crop (Haverkort et al. 2008 ). Due to the high density of potatoes and favourable weather conditions, late blight (caused by Phytophthora infestans) is one of the most important diseases in potato production. Infection by P. infestans results in foliage death and tuber rot in the field and during storage, which leads to major losses in yield. The pathogen has a short life cycle that can be completed in less than a week and potentially produces large quantities of spores. As a result of wind dispersal of the spores, and the potentially large number of generations, a late blight epidemic can spread over large regions in a short time (Zwankhuizen and Zadoks 2002) . Currently, the use of fungicides is the most important method to control blight, but this involves high costs and the fungicides are harmful for the environment (De Jong and De Snoo 2002; Van Der Werf 1996) . The environmental costs are related to the pollution of groundwater, energy costs for application and negative effects on human health (Haverkort et al. 2008 ). In addition, about half of all fungicides applied in the Netherlands is used for the control of potato late blight as often weekly sprayings are needed. Regarding the options in disease control, a strong difference exists between organic and conventional farmers. In contrast to other European countries, the use of copper as fungicide is not permitted in the Netherlands so organic farming systems have no chemical means to combat late blight. Therefore, yields can be dramatically low in years of early outbreak of late blight. To reduce the amount of fungicides in conventional systems and to improve disease control for organic farmers, the development of resistant cultivars is a top priority (Finckh et al. 2006) .
Late blight-resistant cultivars of potato developed by commercial breeding companies can play a key role in sustainable management of potato late blight (Fig. 1) . Breeding for resistant cultivars started in the beginning of the twentieth century when the first resistant genes (R-genes) were discovered in the closely related species Solanum demissum (Fry 2008) . Unfortunately, when cultivars with these resistant genes came to be more widely grown, the R-genes from S. demissum have been broken as a result of pathogen evolution. Currently, several new resistance genes from different genetic resources are being used in classical breeding programmes to develop new resistant cultivars (Lammerts Van Bueren et al. 2008) . Breeding for varieties with resistant genes from wild relatives is time consuming, so additional management practices are required to protect new resistance genes in cultivars from resistance breakdown.
In management of potato late blight, farmers play a key role since they make decisions on crop management. In adopting management strategies, farmers are also influenced by other stakeholders such as breeding companies, traders and policy makers, who have their own objectives and interests. For example, farmers try to optimise their profits, breeding companies aim to increase their return on investment and the government facilitates sustainable food production. Farmers are also affected by the management strategies of other farmers since infections in one field can spread by wind to neighbouring uninfected potato fields. Due to high density of potato, the Dutch government has implemented a policy that regulates maximum late blight disease thresholds. At an estimated 5 % infected leaf area per field, the potato haulm has to be destroyed to prevent spread to neighbouring fields (PA 2008) . In years with early outbreak, this can cause severe yield loss and farmers tend to delay the moment of defoliation. Therefore, late blight management is also a social problem with related issues such as trust, social pressure and conflicts.
Overall, the disease incidence in a landscape is the result of interactions between plants and pathogens through disease epidemiology as well as stakeholder behaviour (Rebaudo and Dangles 2012) . Therefore, to identify sustainable management strategies of potato late blight, it is important to consider both biophysical and social aspects and their interactions. Also in our definition of sustainability, we consider environmental, economic and social consequences of management practices, because alternative strategies that could reduce the environmental impact of disease management must also be practically and economically attractive for successful implementation (Thierfelder et al. 2013; Duru et al. 2015a; Sadok et al. 2008) .
The objective of the paper is to provide an overview of the system components and their interactions and important drivers of the system. To analyse and describe the components, the interactions and feedback mechanisms related to late blight management in the Netherlands, three different methods were used: (1) literature review on late blight management, (2) semi-structured interviews with stakeholders and (3) a modelling exercise called fuzzy cognitive mapping. With fuzzy cognitive mapping as a semi-quantitative method, the main components of the system identified could be modelled (Kok 2009) . We developed three different scenarios for stakeholder management and control of late blight. The effect of the scenarios on late blight severity was analysed using the fuzzy cognitive map.
First, we present an inventory of the existing research and approaches for late blight control, then we analyse the importance of the social-institutional context of potato cultivation and disease management and last we discuss the relevance of an integrated social-ecological perspective. 
Materials and methods
In this paper, late blight management in the Netherlands is analysed, and the system components, interactions and feedback mechanisms are identified and described. Current research on late blight management was analysed to identify important aspects in the control of late blight. A brief literature review was carried out to analyse articles related to management of potato late blight. These articles discussed several aspects that were divided into categories. The main findings for each category were described and expert knowledge was used to include relevant literature missing in the analysis.
Semi-structured interviews were carried out to identify current management strategies in the Netherlands, stakeholder objectives and factors involved in decision-making. Semistructured interviews were carried out with representatives of breeding companies, farmers and experts. Five representatives of two of the largest Dutch breeding companies were interviewed to identify their organisational structure, marketing strategies and breeding programmes in relation to resistance of potato to late blight. In total, 25 farmers were interviewed by using semi-structured interviews on topics such as general farm characteristics, their social network, problems in potato production, current late blight management strategies and the use of late blight-resistant cultivars. A stratified sample of farmers was selected based on region, farmer type (conventional/organic) and diversity in management. In total, 18 conventional and 7 organic farmers were interviewed mainly from the northern part of the Netherlands. This is an important potato-growing region that includes the production of seed, ware and starch potatoes. Most of the organic farmers were located in the province of Flevoland, an agricultural region with a relative large number of organic farming systems.
Both organic and conventional farmers were included since these groups differ in their options for control measures and may also differ in their decision-making and interest in disease control strategies. Based on the results from the interviews, we identified the main differences in management strategies between farmers and the drivers involved in their decision-making processes. Two experts, a researcher specialised in plant diseases and a farm consultant, both familiar with organic and conventional productions systems, were interviewed to develop a broad perspective on the issues in potato production and late blight management as well as differences in the management strategies of farmers. All interviews were recorded and transcribed for further analysis.
After the main components of the system had been identified using the results from the literature review and interviews, the system was modelled in a semi-quantitative tool called fuzzy cognitive mapping (Kok 2009 ). Fuzzy cognitive mapping is a computational modelling technique that represents the main components, processes and drivers of the system (concepts) as well as their causal relationships. The relationships can be defined as positive or negative, and to each relation, a weighting factor is assigned. The weight quantifies the strength of the relationship between the concepts and is a number between −1 and +1. Weighting factors were divided in four groups representing weak (0.1), medium (0.25), strong (0.5) and very strong (0.75) relations with a positive or negative effect. For every simulation time step, the value of the concepts will be updated by using a matrix calculation. The new state can be calculated by multiplying the state vector, which contains all the concept state values, with the adjacency matrix, including the values of all the relations between concepts. This process can be repeated indefinitely which can result in several patterns. Therefore, the simulation time step represents the number of iterations of the matrix calculation. Usually, it takes 20-30 iteration steps to determine the pattern. When the model output results in an equilibrium, the values of the concepts in the stable state can be compared for different model settings. Fuzzy cognitive mapping is called semi-quantitative because the values of model variables can only be compared relatively to other numbers. Furthermore, the iteration step cannot directly be translated to time since the processes in the model usually act on different scales.
After developing a first draft of the fuzzy cognitive map, a workshop with experts was organised to validate the map. Organising workshops with stakeholders is a common approach in the development of a fuzzy cognitive map because the model will represent a consensus of various opinions (Kok 2009 ). Since the goal of the model is to get an overview of the system, the workshop with experts was used to validate the important concepts and relations. Six experts took part in the workshop with different specialisations including hostparasite interactions, plant pathology, plant breeding, agronomy, agro-industrial chains and climate change and agriculture. In general, the results from the workshop supported the initial model version, but based on the workshop discussions, some modifications were made to summarise similar concepts and to better represent causal relationships. To determine the contribution of a concept in a fuzzy cognitive map, the centrality was calculated, which shows to what extent the concept is connected to other concepts (Özesmi and Özesmi 2004) . The centrality is calculated by the summation of its indegree (in-arrows) and outdegree (out-arrows) in which the absolute weight of all incoming and outgoing relations is summed. The indegree and outdegree can be used to determine if the concept mainly influences other concepts (a 'transmitter' with high outdegree), is mainly influenced by other concepts (a 'receiver' with high indegree) or both.
3 Results and discussion 3.1 The ecological system of potato and P. infestans
In the scientific literature, many aspects and analyses were described related to late blight management. These research topics were divided into categories and described in the following sections. Most of the research on the potato late blight system has been focussed on the primary characteristics of the plant and its pathogen, the host-pathogen interactions, and on the most effective measures to directly suppress the pathogen. This has resulted in many studies analysing the genetics of P. infestans (Section 3.1.1), the development and application of chemical fungicides (Section 3.1.2) and the late blight resistance of potato through breeding or genetic engineering (Section 3.1.3). Alternative measures such as cultivar diversity and host distribution (Section 3.1.4), biological control (Section 3.1.5) and indirect strategies to build plant robustness through for instance soil fertility (Section 3.1.6) have been studied less. Integrated approaches that exploit the diversity of management approaches have been analysed in field experiments, and models have been used to analyse those approaches in patterns in space and time (Section 3.1.7). These approaches are however more complex to implement but can be supported by tools like computer-based decision support systems (Section 3.1.8). A separate line of research concerns the effects of environmental condition such as climate change (Section 3.1.9), which can potentially be relevant for the whole late blight-potato system and the effectiveness of all disease suppression approaches.
P. infestans population structure and diversity
The genetic research investigated the diversity and aggressiveness (virulence) of the pathogen. The plasticity of pathogenicity in the genome of P. infestans results in rapid adaptation and the ability to overcome both the sensitivity to fungicides and the resistance of potato plants to the disease (Goodwin et al. 1995) . P. infestans has different mating types, called A1 and A2. For a long time after its establishment in 1845, only one mating type (A1) was present in Europe (Fry 2008) . The second mating type (A2) was probably introduced by a shipment of potatoes in 1976/1977. With both mating types present, the pathogen was also able to reproduce sexually resulting in the formation of oospores that can survive in the soil for some years (Olanya et al. 2009 ). New molecular diagnostic tools allowed the analysis of P. infestans isolates to examine the genetic diversity (Cooke and Lees 2004) . These methods also allow easy determination of mating type and virulence related to resistant cultivars and fungicides. In recent years, the P. infestans population structure has been analysed in many countries in Europe, Asia and South America and the USA and Canada and is in some cases also being monitored over time (Harbaoui et al. 2013; Li et al. 2013) . This research showed that in many potato-growing regions, the P. infestans population is dominated by a few genotypes, which can be stable for several years (Peters et al. 2014) or change rapidly over time (Cooke et al. 2012) . Monitoring P. infestans population structure and change could be useful in making decisions on disease management with respect to cultivar selection and fungicide application. For example, in the USA, a reduced use of fungicides was associated with the recurrence of mefenoxam-sensitive strains which can have practical implications for late blight management (Hwang et al. 2014) . Also, when new P. infestans strains emerge that are insensitive to certain fungicidal compounds or contain compatible virulence genes of certain resistant genes, countermeasures can be taken to prevent further spread of these populations. This can mean switching to other types of fungicides or to cultivars with different resistance genes till these specific traits are no longer found in the P. infestans population. This type of management has not yet been put into practice but could be promising for the future.
Chemical control
The application of fungicides is currently the most important strategy in the control of late blight by farmers in the Netherlands. Several types of fungicides exists for foliar and tuber treatments. These can be contact or systemic fungicides that have a protective and/or curative effect (Gossen et al. 2014) . Most research on fungicides focusses on their effectiveness against late blight, but also performance related to spraying schedules and application methods have been investigated. In the Netherlands, most fungicides are used as a preventive measure. P. infestans strains can also become insensitive to fungicides as was found in the case of the fungicide metalaxyl (Gisi and Cohen 1996) . Insensitivity to this fungicide is now found all over the world and research was carried out to collect more information on metalaxyl-resistant strains such as their mating type, aggressiveness, etc. In many countries, metalaxyl is no longer used or only in combination with other fungicides. Many different fungicides exist but researchers continue to search for new active compounds (Merk et al. 2011) . Fungicide manufacturers try to improve the durability of fungicides by combining active compounds. They also advise farmers to use fungicides with different modes of action over the season to reduce the risk for emergence of resistant strains.
Resistant cultivars
An important aspect in sustainable management strategies is the use of resistant cultivars. Regarding their use, many different aspects were investigated such as the mechanisms related to host defence and the identification of resistance genes (Bengtsson et al. 2014; Rauscher et al. 2006) . Breeding for resistance to late blight started a long time ago. In the classical approach, wild late blight-resistant potato species are crossed with modern cultivars. This introgression process is time consuming: it can take some 16-20 years before a new genitor is available for commercial breeding and multiplication. The genitors are used to develop resistant cultivars which can result in cultivar release on the market. When breeding for resistance, it is important to focus not only on foliar resistance but also evaluate tuber resistance, since these are not always correlated (Park et al. 2005) . With a technique based on genetic engineering called cisgenesis or intragenesis, it is possible to introgress resistant genes from wild potato species directly into existing cultivars (Haverkort et al. 2008 ). This method is faster compared to classical breeding programmes, but this technique does not seem to work with all existing cultivars and also the long-term effect of these insertions is unknown. Because many resistant genes have been overcome by the pathogen in the past, researchers continue to search for new and more durable ones. One of the strategies emphasised is breeding for combined (stacked) resistance genes from different genetic resources, but this is even more time consuming and costly than breeding for cultivars with a single resistant gene. It is also yet unknown whether a combination of two, three or four genes is needed to prevent breakdown of resistance (Tan et al. 2010 ).
Cultivar diversity and host distribution
The use of resistant cultivars in the control of late blight was analysed in field experiments and simulation models. Recent research insights into the spatial epidemiology of P. infestans suggested that major advances in reduction of the disease could be achieved by combining traditional (chemical) methods of disease control with spatial management of resistant cultivars at field to regional scales (Skelsey et al. 2010) . A spatially explicit simulation model of P. infestans dispersal in potato cultivar mosaics was used, which showed that an increase in the area of resistant cultivars was very effective in suppressing the spread of the disease. Mixing susceptible and resistant cultivars on small scales (at plant and row levels) was most effective in decreasing disease spread. Field experiments with intercropping systems or mixed susceptible and resistant potato cultivars often resulted in significant reductions of the disease but have not been able to eradicate it completely (Andrivon et al. 2003; Garrett and Mundt 2000) .
Biological control
The use of chemical fungicides in the control of late blight has always been under debate because of the high frequency of application and amount used in the control and the negative effect they can have on the environment and to the people that work with them (Haverkort et al. 2008) . This, and the fact that the application of chemical fungicides is not allowed in organic potato production, makes it of great importance to keep searching for other biological control methods such as biocontrol agents, plant extracts and biopesticides. These biological methods were applied as seed, foliar and/or tuber treatment to assess their ability to suppress late blight. Some of these compounds have been proven to be effective; however, none of them work as well as regular fungicides (Gachango et al. 2012; Olanya and Larkin 2006; Shanthiyaa et al. 2013 ). However, these practices could contribute to sustainable management, and therefore, it has been suggested to combine these practices with other biological, cultural and fungicide approaches (Glare et al. 2012 ).
Soil management
Another example of an alternative strategy is soil management. Soil management, including fertiliser application, can have an effect on plant growth and physiology, which can influence host defence responses (Cicore et al. 2012) . For example, in vitro studies showed that nitrogen supply increased susceptibility of potato to P. infestans; however, under field conditions, no effect was observed. Furthermore, management strategies could affect antagonistic microorganisms in the soil that inhibit infection of P. infestans (LozoyaSaldaña et al. 2006; Tamm et al. 2010 ). In the case of P. infestans, under environmental conditions, oospores can survive in the soil for about 3 to 4 years, and if potatoes are grown within this period, initial infection as a result of the presence of residual oospores can occur (Turkensteen et al. 2000) . In the Netherlands, infections originating from oospores were mainly found in potato-producing regions with narrow rotation schemes, and therefore, a bigger rotation scheme is recommended to prevent such sources of infection (Evenhuis et al. 2007 ).
Integrated disease management
Integrated disease management is described as a combination of methods to limit the use of chemical fungicides to a minimum (Schöber 1992) . Because many of the previously described strategies such as intercropping or fungicide application result in ineffective or unsustainable control, these can be combined to improve disease management. The use of resistant cultivars is an important component in integrated disease management, and it has been analysed how these can be combined with other strategies. Strategies included in integrated disease management research are for example host resistance, host density and diversity, seed tuber pre-sprouting and application of fungicides (Möller and Reents 2007; Mundt et al. 2002) . In another study, also planting time was part of an integrated approach in combination with fungicide application and host resistance (Kankwatsa et al. 2002) . Field experiments that combined host resistance and fungicide use showed that the disease could be controlled with less fungicides by lowering the fungicide dose or longer application intervals (Kirk et al. 2005; Naerstad et al. 2007) . Integrating these two types of management strategies was already analysed by Fry (1977) , and recently, this approach was also used in combination with cisgenic resistant potatoes (Haverkort et al. 2016 ).
Decision support systems
Decision support systems (DSS) have been developed with the aim of optimising the use and timing of fungicide application in order to achieve efficient spraying and to prevent fungicide insensitivity (Wharton et al. 2008) . For more information on the development and availability of DSS and the adoption and use by farmers, we refer to the following two references (McCown 2002; Shtienberg 2013) . Overall, these systems use several types of information such as the crop condition and weather data such as temperature, wind speed, rainfall and humidity to estimate the risk of P. infestans infection and to predict outbreaks. Not all systems take cultivar resistance into account (Grünwald et al. 2000) while this is an important factor for estimating infection risk. Recently, attempts have been made to update these systems with information on spore dispersal by monitoring airborne inoculum (Fall et al. 2015) . Spores can be monitored by spore sampling networks for early detection of incoming inoculum. This type of information can be used to optimise the timing of fungicide application. However, model-based analyses performed by Skelsey et al. (2009) showed that adding information on spore dispersal in DSS is only useful in the case of (partially) resistant cultivars. This is because the risk for infection in susceptible cultivars is high and achieving the accuracy of dispersal information required to make reliable decisions on disease management is practically unfeasible. In the case when only susceptible cultivars are grown on a field, already a very low spore input resulted in yield loss; so, to make decisions on disease management, it is risky to rely strongly on spore dispersal information.
Effects of climatic conditions and climate change
Weather conditions constitute the most important factor influencing growth and spread of potato late blight. Optimum conditions for late blight include high humidity and a temperature of about 20°C (Crosier 1934) . Wind is responsible for the dispersal of the spores. Most of these spores will be deposited only a few metres from the initial source, but dispersal across large distances can also take place. Sunlight has a negative effect on P. infestans since ultraviolet light will damage the spores. More information on the effect of weather variables on the developmental stages of P. infestans can be found in the following references (Andrade-Piedra et al. 2005; Mizubuti et al. 2000; Mizubuti and Fry 1998) .
It is well known that climate change can increase the severity of plant diseases (Gautam et al. 2013) . Changes in temperature, atmospheric moisture content and CO 2 concentration can affect processes related to pathogen growth, reproduction and survival. Furthermore, these factors can also affect the application and effectiveness of current management practices (Schaap et al. 2011) . For example, dry weather is required for the application of fungicides. Recently, for the Dutch context, new climate change scenarios of the Royal Netherlands Meteorological Institute have been published in the KNMI'14 scenarios ( Van den Hurk et al. 2014 ) which showed minor changes in humidity for all four scenarios, the main factor influencing the establishment of the pathogen. Most scenarios even showed a decrease in humidity with a maximum of 3.0 %, while only in one scenario, humidity increased with 0.1 %. Therefore, it is not expected that climate change will have a strong effect on late blight severity in the Netherlands. However, unpredicted side effects can play a role. For example, mild winters can have a positive effect on the survival of inoculum in the soil, which can lead to outbreaks early in the season (Gautam et al. 2013) . Therefore, the effect of climate change should be closely monitored in the future.
The social system of potato cultivation and late blight management
From the previous section, we conclude that a diversity of management strategies exists that mainly focusses on the host-pathogen interactions and the most effective measures to directly suppress the disease. In this section, we will focus on the social aspects and aim to give an overview of the Dutch potato sector with the important stakeholders and their objectives and interactions in relation to late blight management. We will start by providing a description of the Dutch potato sector that includes many stakeholders involved in different aspects of the potato production and supply chain (Section 3.2.1). We will describe how the market demand influences which potato types and cultivars are produced and thus how the market demand affects disease susceptibility. Secondly, we will give an overview of the stakeholders involved in late blight management (Section 3.2.2). Farmers play a key role since they have to make decisions on late blight management but are influenced by other stakeholders with specific objectives. We will describe differences between farmers, current management practices and the factors influencing decision-making (Section 3.2.3) and aim to give an overview of the most important interactions. In the last section, we will show that different objectives and interests by stakeholders make it difficult to introduce new strategies in the control of late blight (Section 3.2.4).
Dutch potato sector
Many stakeholders are involved in the production of seed, ware and starch potatoes in the Netherlands (Table 1 ). They are involved in different aspects of the production and supply chain including cultivar availability, crop management, potato production, processing and marketing. Breeding companies are responsible for developing new potato cultivars and are usually connected to a trading company. Potatoes are grown for different markets (table, chips, fries, etc.) and each of them requires specific potato traits. Therefore, breeding companies select for many different characteristics of which late blight resistance is only one. Other characteristics include yield, nutrient requirements, shape, storage characteristics, cooking and baking quality and resistance to other pests and diseases (Tiemens-Hulscher et al. 2013) . Trading companies are in charge of marketing the potatoes to a variety of clients with specific market demands. Many of the seed potatoes are exported worldwide and only a part remains in the Netherlands to produce ware and starch potatoes for the industry and/or retail. In the production chain, between the trading company and the end-user, potatoes can cross several more actors involved in distribution, packaging and handling. In this system, trading companies play a key role since they form a link between the market demands, the breeding companies and the farmers. They have contracts with customers worldwide as well as with the processing industry.
The variation in demand leads to a production of more than 400 different cultivars in the Netherlands (Lammerts Van Bueren and Van Loon 2011). In general, only a few cultivars are produced in large numbers, while the majority of cultivars are used for niche markets. An extreme case is found in Belgium, where cultivar Bintje occupies about 50 % of the cultivated potato area (De Blauwer and Florins 2014) . Apart from positive traits as both table and processing potato, this cultivar is also notorious for its susceptibility to many diseases including late blight. For the industry and retail, traits such as tuber and cooking quality have a high priority, while the agronomic characteristics of the cultivar, including disease susceptibility, are of secondary importance. We learned from the semi-structured interviews that once supply chain parties are accustomed to certain cultivars that meet the market requirements, it is hard to introduce new cultivars due to inflexibility of the supply chain. Therefore, the introduction of new cultivars is a long process and requires large investments from breeding companies. One of the interviewed experts formulated this as following: 'In the past we have seen a lot of cultivars coming and going. So if trading companies have a few cultivars that serve the market well, they don't say goodbye to these cultivars quickly when somebody is suddenly very enthusiastic about a new resistant cultivar. These new cultivars have to be introduced and well accepted by the market.'
Potato production and management
Farmers have to make decisions on crop management but they are also influenced by other stakeholders. The agro-chemical Resistant cultivars could contribute to sustainable disease management. We learned from the interviews that the recently introduced late blight-resistant cultivars were not attractive to all farmers as they lack some of the preferred market characteristics. For example, an organic farmer stated that: 'We also tried to grow a resistant cultivar on a few hectares but at a certain moment we were not able to sell them anymore to the market.' Furthermore, the current resistant cultivars are not as high yielding as some of the established cultivars. Therefore, the market demand for current resistant varieties is still low, and because the application of fungicides leads to effective and cheap control, there is no strong economic incentive to make use of late blight resistance in the conventional sector. In the organic sector, the use of resistant cultivars is more promising according to stakeholders, since there is a strong need for alternative control methods. However, this sector is responsible for only ±2 % of the total potato production in the Netherlands (CBS 2014), which can be considered a small market.
Using cisgenic cultivars could potentially contribute to solving problems related to cultivar demand, since resistant genes from wild potato species could be introgressed into already established and existing cultivars that supply a large part of the market. However, the current European regulations consider this technique as genetic modification and the growth and production of these cisgenic potatoes is strictly regulated. To obtain permission to produce cisgenic potatoes, a risk assessment should be carried out to ensure these crops are not harmful for the environment and human and animal health. Besides the possible negative effects for the environment, this topic is also under political and societal debate (Jochemsen 2008) . One of the issues is related to the intellectual property rights, also known as plant variety rights and patents (Louwaars et al. 2009 ). Cisgenesis is an expensive breeding tool, and therefore, the biotechnical industry seeks to protect their technical invention by patents. Possibly, this could have a negative effect on the breeding sector because it is not allowed to use these cultivars in breeding programmes without permission of the patent owner. Examples in other crops show that as a result of patent positions, only a few companies are in control of a large part of the world market which threatens innovation in plant breeding. Therefore, changing the regulations regarding the production of cisgenic crops also includes institutional changes related to these products.
The Dutch government influences late blight management also in other ways. Over time, policies have been introduced to reduce negative environmental impact of fungicides (Staal et al. 2014 ). Type and amount of active compounds are regulated for use over the years, and this has reduced the pressure on the environment. As mentioned earlier, the introduction of sanitary regulations by the government also helps keeping disease pressure low by mandatory rules for prevention and removal of infected sources. This includes covering cull piles and removing infection sources in potato fields as well as removing volunteers. An inspection was set up that could fine farmers in case these regulations were not followed.
Farmers
Farmers are the key stakeholder in the production and management of potatoes. In the Netherlands, around 9000 farms grow potatoes on a total area of about 1500 km 2 (CBS 2014). These farmers can be subdivided based on the type of potato they produce (seed, ware or starch potatoes) and the way of cultivation (conventional or organic).
There is a large difference in late blight management between conventional and organic farmers. For conventional farmers, the application of fungicides is the most important control method, sometimes supported by the use of DSS. In contrary to other countries, in the Dutch organic sector, neither the use of synthetic chemicals nor the use of copper is allowed in the control of late blight. Organic farmers are not able to control the disease, but they can reduce yield loss due to infection by applying pre-sprouting of potato tubers or growing early or (partly) resistant cultivars. From the interviews, we learned that in years with severe outbreaks, many of the Dutch organic farmers did use copper in low doses as foliar fertiliser, which had some effect on preventing or slowing down the infection. Applying copper as fertiliser is allowed in case a low copper content is measured in the soil which is often the case in Dutch landscapes. Within the organic sector, this subject is under debate. For example, one organic farmer said: 'In the past we applied some copper but we rather don't use it. We are not one hundred percent against this method but we don't prefer to use it. I will only apply it in cases with extreme weather'.
How conventional and organic farmers perceive late blight is related to their options for disease control. For organic farmers, late blight is the largest problem in potato production, while conventional farmers name various other pests and diseases that cannot be treated effectively such as bacteria or nematodes. This can be supported by two statements from an organic and a conventional farmer. A conventional farmer mentioned: 'Free-living nematodes are a problem. We have to do something about that. Potato late blight has not been a problem the last years because of the large range in crop protection products we can use'. The organic farmer has a different view: 'I am growing organic potatoes for thirty years now and I think potato late blight is the worst disease compared to all other diseases in organic agriculture. We can deal with most of the diseases but late blight gets out of control'. So in the case of late blight, organic farmers feel they have no means to combat the disease while some other pest and diseases can be controlled by for example a broader crop rotation (in the case of nematodes) or hygienic measures. Resistant cultivars are not widely used since only a few varieties are available and the market demands are low.
The way potatoes are cultivated and managed differs for each potato type, and although there is no strict spatial segregation, there are regions where different potato types dominate. Factors related to the management of different potato types that directly affect late blight dynamics are the time of harvesting and the rotation plan. Producers of starch potato usually have a rotation plan with fewer crops (1:2 instead of 1:3 or 1:4) which results in a larger risk on initial infection as a result of oospores remaining from a previous potato crop, since these spores can survive in the soil for about 3-4 years (Evenhuis et al. 2007 ). In the starch potato-producing area in the Netherlands, it was found that the genetic variation in the P. infestans population was much larger than in other parts of the Netherlands as a result of oospore-driven epidemics (Li et al. 2012 ). The time of harvesting can affect the spread of P. infestans since early harvesting will result in lower potato densities later in the season, which can slow down a late blight epidemic. Compared to starch and ware potatoes, seed potatoes are harvested early in the season (early July). This is also beneficial with respect to late blight since the time exposed to infection is shorter.
Farmers' decision-making is an important aspect influencing disease management. These decisions are influenced by economic incentives which include a trade-off between reducing management costs and limiting the risk of disease damage. Infections can result in reduced yields but also in reduced quality of crop products (Lefebvre et al. 2015) . The financial losses related to an infection in a potato field differ per potato production type which results in differences in late blight management. For example, in the Netherlands, seed potatoes have to be certified by an authority (NAK) to be declared to be disease free. An infection in a field of seed potatoes includes a risk that these potatoes will not be certified and cannot be sold as seed potatoes, while P. infestans infection in starch potatoes is of less concern since they will be directly processed in a factory. Furthermore, the product price of seed potatoes is higher than for starch potatoes. Therefore, the incentive to adopt more sustainable management strategies, to reduce fungicide use and to save costs is stronger for starch potato growers compared to seed potato growers.
Based on the interviews, also other farmer characteristics were found that probably influence farmers' management strategies such as risk-perception, innovativeness, accuracy and environmental care. Furthermore, farmers in the region also influence each other and they copy each other's behaviour and thus management strategies. Farms are located in a landscape and farmers spend much time on their land so they are well aware how other farmers (successfully) manage their crops. This awareness can also lead to social conflicts in the control of late blight in case of failures to control the disease. P. infestans disperses by wind so infections can spread to neighbouring uninfected fields. Therefore, a lot of peer pressure exists around the control of late blight. The introduction of an anonymous hotline as part of the sanitary regulations where farmers can report an infection source increased the tension among farmers and undermined trust and resulted in conflicts in the neighbourhood, as was found in the interviews.
Stakeholder objectives
All stakeholders previously described have their own interests, which affect potato late blight management (Table 1) . Conflicting interests between stakeholders are observed. For example, many of the stakeholders, including farmers, are commercial entrepreneurs so their main aim is to maximise their profit. Therefore, these stakeholders follow the market demands for specific potato traits, which makes it hard to introduce (new) resistant cultivars as part of late blight control. Furthermore, the agro-chemical industry aims to maximise their profit by developing and marketing fungicides, while research institutes, as well as the government, try to improve sustainability of late blight management, if possible with less fungicides. Many of the strategies proposed are more time and labour demanding and are not in line with farmers' interests since these increase the management costs. For example, current potato production is based on mono-cropping and the machinery used for planting and harvesting cannot be used in intercropping systems. Also, pre-sprouting of seed-tubers or monitoring P. infestans populations requires extra work and an investment in equipment. These conflicting interests make it difficult to change the status quo and introduce new strategies in potato late blight management.
Fuzzy cognitive mapping
Based on previous findings, a fuzzy cognitive map was developed. The fuzzy cognitive map shows the important concepts and their relations influencing late blight infection and management (Fig. 2) . The goal of the model is to give an overview of the system and to identify strategies and drivers that could positively affect sustainable late blight management. Not all factors mentioned in the ecological and social analysis were included since these were basically too many. Concepts (indicated in italics below) were selected based on importance and some others were combined. Important concepts were those that could have a strong effect on late blight infection and management according to the literature or the social analysis. The factors that were combined included management strategies of potato late blight because these were too many. In the literature, many different management strategies were described which were summarised in two concepts: fungicide application and integrated disease management. Fungicide application represents various types of chemical control, while the concept integrated disease management includes alternative strategies that reduce the use of fungicides. Susceptible and resistant cultivars were separately distinguished in the map since these are two main factors influencing late blight severity. Groups of stakeholders were not included in the map since their relations cannot be captured in positive or negative correlations. Therefore, the social concepts were related to stakeholder objectives, interests and interactions that influence management strategies and biophysical factors.
In total, 26 concepts were included in the map and 50 relations ( Table 2 ). The concepts late blight severity, integrated disease management and fungicide application had the higher scores for centrality in the map (Table 2 ). These three concepts had a relatively high indegree and outdegree, meaning that the concepts are influenced by many variables but also influence other variables themselves. These concepts are influenced by many social, biophysical and agronomic factors and their interactions. Also, feedback loops are observed between biophysical and social factors. For example, late blight severity has a positive effect on concerted action which will increase strategies related to integrated disease management that reduces disease severity. Furthermore, environmental pollution as a result of fungicide application positively influences environmental awareness that leads to environmental policies aiming to reduce fungicide application and environmental pollution. (Table 1) . This external driver leads not only to minimisation of costs related to late blight management but also to competition among stakeholders. Furthermore, demands of the market are followed in order to maximise potato sales. 2 Competition (1.00)
Competition among stakeholders as a result of commercial interests. For example, among farmers to produce the largest yield at low costs and sell the product at the highest price, or between trading/ breeding companies to increase their market shares by releasing new cultivars. Competition among stakeholders makes it difficult to set up collective management strategies. 3. Meet market demands (2.75)
The market demands are determined by consumers but strongly influenced by (e.g.) retail and the processing and packaging industry. To maximise profit, potato cultivars are produced that meet the market demands to a large extent. Currently, the demand is high for susceptible cultivars and low for resistant cultivars. Each market requires specific potato traits which lead to a large diversity of cultivars grown in the Netherlands. However, a few cultivars supply a large part of the market, which leads to a uniform cultivation in the landscape. 4. Marketing new cultivars (0.50) Breeding companies develop new cultivars, which have to be introduced to the market. Some of these cultivars are resistant to late blight. Due to the specific market requirements, it is hard to introduce new cultivars. 5. Cultivar diversity (0.75)
The number of different cultivars that is grown in a landscape influenced by the market demands and farmer diversity. Increasing cultivar diversity is one of the strategies that are part of integrated disease management. 6. Cost reduction (1.25) Cultivation costs, for instance, those related to late blight management incurred for fungicides or labour. The associated costs differ between the two types of late blight management strategies included in the fuzzy cognitive map. Cost reduction has a positive effect on fungicide application since this is relatively easy and cheap, while integrated disease management is negatively affected because this is more labour and knowledge demanding. 7. Large-scale deployment (1.00)
A high density of potato and uniform cultivar selection in a landscape as a result of the market demands. A low variety of cultivars negatively affects sustainable strategies since diversity and allocation of cultivars is part of integrated disease management. Furthermore, high potato densities positively affect disease dispersal and corresponding late blight severity. 8. Area-susceptible cultivars (2.75)
The area of P. infestans-susceptible potato cultivars in a landscape. This is one of the main drivers of fungicide use, late blight severity and potato yield. 9. Area-resistant cultivars (1.75)
The area of P. infestans-resistant potato cultivars in a landscape. Resistant cultivars could play a key role in sustainable management of potato late blight and strategies for integrated disease management. However, their yield is lower than for susceptible cultivars, and when they become more widely used, the risk of resistance breakdown increases. Therefore, new resistant cultivars are developed in breeding programmes. 10. Farmer diversity (2.50) Diversity in the farmer population with organic and conventional as the main two groups but also variation within these groups exists. This diversity leads to different cultivar preferences and a variation of cultivars in the landscape, but also makes concerted action among farmers more difficult. 11. Fungicide application (4.00)
The amount of fungicides applied for late blight control. This has a strong negative effect on late blight severity but also directly influences environmental pollution. Extensive use can lead to fungicide insensitivity of P. infestans.
Integrated disease management (4.25)
A combination of strategies to reduce the use of fungicides in late blight management such as pre-sprouting, cultivar resistance, intercropping and resistance management, which can be supported by the use of a DSS. Some of these strategies require or would benefit from cooperation among stakeholders. Integrated disease Six external drivers were included in the map: profit maximisation, risk-aversion, farmer diversity and sanitary regulations relate to the social dimension of the system and represent stakeholders' objectives and characteristics, while Breakdown of cultivar resistance to P. infestans as a result of pathogen adaptation. The risk for resistance breakdown is influenced by late blight severity, the area of resistant cultivars in a landscape and resistance management practices as part of integrated disease management. 16. Concerted action (1.75)
Cooperation of stakeholders in order to achieve sustainable late blight management by using integrated disease management. Competition and diversity of stakeholders negatively affects stakeholder cooperation, while an increase in late blight severity or risk-aversive behaviour increases the willingness to cooperate. 17. Environmental policies (0.60)
Policies that restrict the use of fungicides in order to reduce the negative effect of fungicides on the environment. 18. Fungicide insensitivity (1.45)
As a result of pathogen adaptation, P. infestans can become insensitive to fungicides. This process is positively affected by late blight severity and the use of fungicides and leads to an increase in late blight severity. Integrated disease management strategies can lower the risk on fungicide insensitivity. 19. Late blight severity (5.45)
The fraction of potato fields infected with late blight in a landscape which is affected by management strategies and epidemiological and biophysical processes. An increase of late blight severity in the landscape decreases potato yield and increases the risk for resistance breakthrough and fungicide insensitivity. An increase in severity positively affects stakeholder cooperation to switch to sustainable disease management strategies. 20. Environmental awareness (0.35) Societal awareness about the environment as a result of environmental pollution caused by the use of fungicides. This leads to policies to protect the environment from the harmful effect of fungicides. 21. Pathogen adaptation (2.20)
P. infestans can adapt to the environment by mutation or sexual recombination. 22. P.i. infection sources (1.25) P. infestans infection sources play an important role in outbreaks of the disease. However, late blight severity also leads to more infection sources in a landscape; so, this is a positive feedback loop. If stakeholders comply with the rules, part of these infection sources will be removed. 23. P.i. days (2.25) The number of days with favourable weather for growth and reproduction of P. infestans. The weather is one of the most important drivers influencing late blight severity, and because the climatic conditions in the Netherlands are favourable for late blight, this can lead to severe outbreaks. 24. In decisions on late blight management, risk-perception related to infection plays an important role. When stakeholders are riskaverse, they are more willing to increase management costs, take sanitary precautions and cooperate with other stakeholders in order to lower the risk for infection. 25. Compliance (1.25) Regulations were introduced related to the removal of infection sources. When farmers do not follow these rules, they can get a fine, which positively affects stakeholder compliance. Riskaversive behaviour also increases compliance because this will reduce the risk for infection or getting a fine. 26. Sanitary regulations (2.50)
To prevent early outbreaks of late blight, the government introduced policies related to the removal of infection sources. An inspection was set up to ensure that farmers followed these regulations.
pathogen adaptation and P.i. days (the number of days per year with P. infestans favourable weather) are biophysical external drivers. These external drivers don't have to be quantified because their effect is represented by the relations with other concepts. In total, three different scenarios were analysed by using the fuzzy cognitive map. These three scenarios reflect different ways in which stakeholders involved in potato production and management can influence late blight management and severity in a landscape. The first scenario is a top-down approach in which the government extends the policies related to fungicide use. The second scenario shows the effect of changes in the market demands related to the selection of resistant cultivars. In the third scenario, the effect of stakeholder cooperation was analysed that leads to an increase in concerted action.
An overview of the scenarios and the changes made in the model is as follows:
1. Fungicide restrictions: In the current fuzzy cognitive map, environmental awareness as a result of environmental pollution can lead to an increase in environmental policies that restricts the use of fungicides. However, the positive relation between environment awareness and environmental policies is quite weak. In this scenario, we tested the effect of introducing extra policies to further decrease the use of fungicides. This scenario can relate to an increasing concern about the harmful effect of fungicides on the environment. In the map, this was achieved by adding an extra inflow of +0.5 to the concept environmental policies which represents a strong effect of the introduction of new policies. 2. Change in market demands: As a result of profit maximisation, stakeholders aim to meet the market demands which currently positively affects the area-susceptible cultivars with a value of 0.75 and the area-resistant cultivars with a value of 0.25. Because markets are used to certain cultivars, it is hard to introduce new ones which is visualised in the fuzzy cognitive map as a negative relation between concept 3 (meet market demands) and 4 (marketing new cultivars). In this scenario, we analysed the effect of a change in the market demands. We assumed that the demand for resistant cultivars strongly increased and is now exactly the opposite as in the previous situation for susceptible and resistant cultivars. For example, this can be the result of an increasing interest of consumers in sustainable food products. In the new situation, we also assumed that the negative effect of the concept meet market demands on marketing of new cultivars has changed from −0.25 to +0.25 which means that new resistant varieties can enter the market. 3. Stakeholder cooperation: In this scenario, we analysed if an increase in cooperation among stakeholders can result in more sustainable management and effective control. In the current situation, concerted action is inhibited by competition and farmer diversity. In the fuzzy cognitive map, concerted action contributes to integrated disease management since some of the strategies require stakeholder cooperation, for example in the case of resistance management that includes spatial allocation of cultivars (susceptible and resistant cultivars, or resistant cultivars containing different resistant genes). But also strategies such as applying cultivars mixtures could benefit from cooperation of stakeholders at a larger scale. For example, the possibility to sell cultivar mixtures to supermarkets would make it economically interesting for farmers to switch to alternative cropping systems. To test the effect of an increase in stakeholder cooperation, an extra influx of 0.5 was added to concerted action.
An overview of the results is shown in Fig. 3 . Late blight severity is an important indicator for the effectiveness of disease management in reducing the disease, which can be achieved by chemical control (fungicide application) or a combination of more sustainable management strategies (integrated disease management).
The fuzzy cognitive map for each of the scenarios evolved to a stable equilibrium (Fig. 3) , and we compare in particular the relative differences in the equilibrium value of the selected concept to assess the effects of the scenario changes in the fuzzy cognitive maps. In the current situation, the level of fungicide application is relatively high and decreased for all three scenarios, indicating a change in management practices. The scenario of fungicide restrictions leads to lower application of fungicides (Fig. 3b ) but also to higher late blight severity (Fig. 3a) since integrated disease management is not increased (Fig. 3c ) compared to the current situation. In contrast, a change in market demands could result in a decrease of late blight severity achieved by an increase in integrated disease management and a strong decrease in fungicide application, which would be the most effective scenario with respect to sustainable late blight management. In the third scenario, an increase in concerted action as a result of stakeholder cooperation leads to an increase in integrated disease management, but the level for fungicide application still remains relatively high. However, this leads to the lowest level of late blight severity since integrated disease management as well as fungicide application is used in late blight control.
Synthesis
In this paper, three different methods were used to analyse the components, the interactions and the feedback mechanisms related to late blight management in potato cropping systems in the Netherlands. Current literature on late blight showed that research on its control mainly focusses on agronomic practices, plant breeding for resistance to late blight and chemical-based disease suppression, and the interviews demonstrated that this reflects the most dominant approaches for disease management in practice. These approaches are effective and relatively simple and cheap to implement and support uniform cultivation practices and large-scale deployment of susceptible potato cultivars. As a consequence, they are strongly anchored in potato value chains and the current socio-technical regime (Rip and Kemp 1998; Van Der Ploeg et al. 2007 ). However, these traditional approaches have a negative effect on the environment and are prohibited in organic cropping systems (Haverkort et al. 2008 ). More sustainable and more complex strategies such as integrated disease management, cultivar resistance and spatial allocation of cultivars have also been investigated. These strategies could reduce the need for chemical control in late blight management or improve their efficiency. The literature search provided an adequate overview of management strategies but also showed that uncertainties are involved related to responses of P. infestans to changes in the environment. For example, knowledge is lacking on the processes that affect resistance breakdown. Another aspect contributing to uncertainty is the effect of climate change on P. infestans reproduction because this includes multiple scenarios whose impact is hard to predict. These uncertainties make it difficult for farmers to make reliable decisions on future management strategies of potato late blight (Duru et al. 2015b ). Besides uncertainties in ecological processes, we are also dealing with a very complex social structure. The different potato value chains and the variation in the farmer population regarding potato management contribute to the system's complexity. Many different stakeholders are involved with each having their own objectives and interests. Most stakeholders have commercial interests and aim to maximise their profits, which can result in several types of interactions such as competition or conflict but also cooperation and trading. The competition and protection of vested interests make it difficult to initialise cooperation among stakeholders to discuss the possibilities regarding sustainable late blight management (Sadok et al. 2008 ). In addition, decision-making is not a rational process and is influenced by many different factors such as knowledge, attitudes, goals, power and personality (Jager et al. 2000 ).
An assessment of sustainable potato disease management from a systems perspective requires an analysis of the social and economic viability of alternative, more environmentally benign management strategies. It is important to consider these factors since new management strategies have to be implemented in established production systems, value chains and socio-technical regimes (Duru et al. 2015a) . Although technical innovations can emerge, often a description of the required socio-institutional changes for their implementation and out-scaling to system level is lacking. For example, the use of resistant cultivars could play a key role in promoting sustainable management of potato late blight. Socially, this could also decrease conflicts among farmers related to late blight since the risk for infection will become smaller if many farmers would grow resistant cultivars. However, the resistant cultivars currently introduced in the Netherlands do not yet meet the requirements of farmers, the processing and packaging industry and retail. For example, desired yield level and specific cooking type are difficult requirements to meet in combination with disease resistance characteristics. Thus, production of resistant cultivars is not yet economically viable. Part of this could be solved by cooperation among stakeholders in the whole potato production chain. If a large proportion of actors would agree to move towards new type of products (e.g. resistant cultivars or cultivar mixtures) and promote these to customers and consumers, probably economic losses in the production chain could be limited by reducing transaction costs and benefit from the economies of scale. In this case, resistance management strategies are required to reduce the risk of resistance breakdown. Heterogeneity in the deployment of resistance genes in space and time could improve durability, but this requires planning and cooperation among breeding companies and farmers. So in order to achieve sustainable management, orchestration of management and cooperation across the whole production sector would be required (Lefebvre et al. 2015; Veldkamp et al. 2009 ).
The fuzzy cognitive map was developed on the basis of expert knowledge, to obtain an overview of the system components and to identify actions by stakeholders that could potentially lead to sustainable management. The fuzzy cognitive map showed that social and ecological processes are tightly related and both affect late blight severity, and allowed us to identify feedback loops; for example, an increased late blight severity could lead to concerted action and more sustainable control. After years with severe outbreaks, stakeholders are probably more willing to cooperate to achieve sustainable management of late blight. Moreover, in the fuzzy cognitive map, we could evaluate the potential effects of alternative policy scenarios. It was found that a top-down approach in which the government restricts the use of fungicides increased severity if no alternative strategies are implemented. The current system heavily relies on fungicide application in late blight control, and the fuzzy cognitive map indicates that adoption of alternative strategies would require social-institutional support and facilitation. The other two scenarios showed the effect of increasing stakeholder cooperation and a change in market demands, respectively. Both scenarios decreased late blight severity by an increase in integrated disease management and a decrease in fungicide application, which could mean that focussing on these aspects would be more effective for improving sustainability of late blight management. The shortcomings of fuzzy cognitive maps in the analysis are the difficulty of quantifying the relative importance of the causal relationships among concepts (Kok 2009 ) and the inability of fuzzy cognitive maps to represent non-linear relations, discrete events and tipping points such as resistance breakdown in the potato late blight system. In this research, fuzzy cognitive mapping was mainly used in a qualitative way: to give an overview of the system and to design scenarios. The output of the model showed the changes in the system in response to several scenarios. However, the results should be interpreted with caution because of the limitations of the method. The results could serve as a basis for discussion with stakeholders to discuss possibilities for alternative management.
To represent non-linear relations, other techniques like agent-based modelling (ABM) would be more suitable (An 2012) . ABM allows representing the behaviour of individuals and groups situated in a spatial environment in which biophysical processes occur and to let the system-level patterns emerge from the actions and interactions of these components. In cases where individual components and their behaviours are more or less understood and manageable, ABM could yield policy-relevant results. As a result, ABM is a useful tool to analyse human and natural processes and their interactions (Filatova et al. 2013 ). Therefore, a logical next step of this research would be to develop an ABM to further analyse the system dynamics.
Conclusion
On the basis of the literature review, stakeholder interviews and fuzzy cognitive map presented in this paper, we conclude that potato late blight management is an example of a socialecological system that is driven by many processes and feedback mechanisms that interrelate and interact across multiple temporal and spatial scales. We conclude that a systems approach improves the understanding of the system dynamics which is necessary for developing and deploying effective strategies for controlling P. infestans. Addressing transformations towards sustainable development requires an integrated approach that allows expression of multiple perspectives on the problem, and supports an adaptive planning approach that is open for experimentation and learning (Norton 2008; Westley et al. 2011 ). The analysis of such systems can be informed by multiple tools, like fuzzy cognitive mapping and agent-based modelling, which allows assessment of the complex interactions within the system and 'serious play' so that the involved stakeholders can experiment and learn. A crucial feature of these tools is that they can incorporate human responses on institutional and environmental change as affected by the implementation of new policies. Such combined modelling techniques help to understand the interactions between social and biophysical processes, which could inform discussions and negotiations among stakeholders and support learning and adaptive planning and decision-making.
